In response to viral infection, reactive oxygen species (ROS) mediate innate immune signaling or generate danger signals to activate immune cells. The mechanisms of virally induced ROS are poorly defined, however. We demonstrate that ROS are produced within minutes of adenovirus type 5 (Ad5) infection of macrophages and that oxidative stress supports Ad5-induced cytokine secretion. We show that short hairpin RNA (shRNA) knockdown of TLR9 has no effect on ROS production despite observed decreases in Ad-induced cytokine secretion. A major source of ROS in macrophages is NADPH oxidase. However, shRNA knockdown of the NADPH oxidase subunit NOX2 does not attenuate Ad-induced ROS. Induction of ROS is not observed in cells infected with a temperature-sensitive mutant of Ad2, ts1, which is defective in endosomal membrane penetration during cell entry. Further, Ad5, but not ts1, induces the release of lysosomal cathepsin B into the cytoplasm of infected cells. In agreement with this finding, we observe a loss of mitochondrial membrane potential upon Ad infection which requires Ad endosomal membrane penetration and cathepsin B activity. Overexpression of Bcl-2 attenuates Ad5-induced ROS, further supporting the role for mitochondrial membrane destabilization as the source of ROS in response to Ad5 infection. Together, these data suggest that ROS produced in response to Ad5 infection depends on the virally induced endosomal membrane rupture to release lysosomal cathepsins. Furthermore, the release of cathepsins leads to mitochondrial membrane disruption and thus the release of ROS from the mitochondria.
Adenovirus (Ad) interaction with macrophages or dendritic cells elicits a rapid proinflammatory response upon administration of Ad vectors for use in gene therapy and genetic vaccination (27, 37, 51) . As sentinels of the immune system, resident macrophages such as alveolar macrophages or Kupffer cells respond to pathogens by secreting cytokines and chemokines to affect surrounding tissue and recruit additional immune cells to the site of infection. Additionally, these macrophages produce hydrolytic enzymes, membrane-disrupting peptides, and reactive oxygen and nitrogen species to destroy extracellular and phagocytosed cellular pathogens (51) . These responses are less successful against viruses, which survive by gaining access to intracellular compartments to replicate. More recently, however, several macrophage effectors originally described for responses to extracellular bacteria have been shown to possess antiviral properties (46) . In particular, the production of reactive oxygen species (ROS) has been shown to contribute to intracellular proinflammatory signaling in response to viral infection (15) . Key questions remain regarding the contributions of ROS to antiviral and proinflammatory signaling cascades. Additionally, the source and stimuli leading to ROS production during viral infection have not been completely described.
As nonenveloped, double-stranded DNA (dsDNA) viruses, Ads trigger several innate signaling pathways during cell entry (27) . Human adenovirus type 5 (Ad5) attaches to cells via the coxsackievirus and adenovirus receptor (CAR) (34) . Secondary engagement of ␣v integrins by the Ad5 penton base triggers clathrin-mediated endocytosis (43) . Within endosomes, partial uncoating of the Ad5 capsid leads to exposure of the viral dsDNA genome, which can be recognized by Toll-like receptor 9 (TLR9) (1, 8, 16, 45) . Recognition of Ad5 DNA by TLR9 leads to the activation of NF-B and production of several proinflammatory cytokines (1, 8, 45) . Uncoating of the Ad capsid is required for the virus to penetrate endosomal membranes, a process facilitated by the internal membrane-lytic capsid protein VI (23, 26, 44) . Within the cytoplasm, the viral DNA is recognized by an unidentified pattern recognition receptor leading to the activation of interferon (IFN) regulatory factor 3 (IRF-3) and production of beta interferon (IFN-␤) (29, 30) . More recent studies show that Ad5 activation of the NLRP3 inflammasome contributes to the proinflammatory response to incoming virions (4, 28) . We have demonstrated that Ad5 rupture of endosomal membranes is a danger signal recognized by NLRP3 (3, 4) . Furthermore, this danger signal depends on release of lysosomal cathepsin B into the cytoplasm during viral membrane rupture as well as the production of ROS. Additionally, activation of stress pathways such as the mitogen-activated protein kinase (MAPK) pathways during Ad cell entry has been reported, although the mechanisms that activate these pathways remain unknown (1, 5, 42) . Current studies demonstrate a role for ROS in the activation of the innate immune response to pathogens. Several of these studies implicate a role for NADPH oxidase in this ROS-dependent response. For instance, ROS activation of IRF-3 by TRIF-dependent signaling via TLR4 has been previously reported (10) , In this case, TRIF-dependent activation of the NADPH oxidase subunit NOX4 leads to the production of ROS, which activates an ASK1/p38 MAPK pathway leading to IRF-3 activation (10). More recently, studies have shown that ROS produced by phagosomal NADPH oxidase contributes to augmented RIG-I-dependent IRF-3 activation (38) . These data are in line with previous observations that many viruses that activate RIG-I also induce ROS production during infection (15, 38) .
Additionally, RIG-I-dependent IRF-3 activation is thought to be enhanced by mitochondrial ROS. Current research demonstrates that defects in autophagy enhance IRF-3 activation via the RIG-I pathway due to elevated ROS associated with accumulation of dysfunctional mitochondria (40) . Furthermore, pharmacological induction of mitochondrial oxidative stress can augment RIG-I-dependent IRF-3 activation (40) . One recent study implicates a role for mitochondrial ROS in the activation of the NLRP3 inflammasome (49) . These findings underscore the importance of ROS in activating the innate immune response. Understanding the mechanism by which ROS are produced during infection is key to understanding the interplay between this endogenous danger signal and the innate immune response.
We have found that Ad5 infection induces ROS production by human macrophage-like THP-1 cells. Furthermore, we have demonstrated that Ad5-induced ROS depends on viral penetration of endosomal membranes. Although recognition of Ad5 DNA by TLR9 contributes to the production of proinflammatory cytokines, stable short hairpin RNA (shRNA) knockdown of TLR9 does not affect Ad5-induced ROS (8) . While NADPH oxidase is known to contribute to ROS production in the context of infection, stable knockdown of the NADPH oxidase subunit, gp91phox, does not attenuate Ad5-induced ROS. On the other hand, Ad5 infection leads to mitochondrial membrane disruption that depends on Ad5-mediated endosomal membrane rupture. Preventing this mitochondrial membrane instability by bcl-2 overexpression attenuates Ad5-induced ROS. Taken together, these data suggest that the mitochondria serve as a source for ROS generated during Ad5 infection. We are the first to demonstrate a role for mitochondrial ROS in activating the NLRP3 inflammasome upon viral infection.
Our studies also demonstrate that Ad5-induced membrane rupture leads to release of lysosomal cathepsins into the cytoplasm of infected cells. In concordance with previous data implicating cathepsin in mitochondrial membrane disruption, we have found that mitochondrial membrane disruption depends on the catalytic activity of lysosomal cathepsin B, released into the cytoplasm when Ad5 ruptures endosomal membranes. Furthermore, cathepsin activity is required for Ad5-induced ROS. Together, these data demonstrate that Ad5 rupture of endolysosomal membranes during cell entry triggers cathepsin B release that in turn facilitates mitochondrial membrane disruption that generates ROS during infection. Furthermore, these ROS are crucial to the inflammatory response to the virus. Our findings shed new light on the mechanisms of Ad5-induced inflammation and highlight potential mechanisms to attenuate inflammatory responses to Ad5 vectors for use in gene therapy.
MATERIALS AND METHODS
Cell lines and reagents. The human monocyte cell line THP-1 was obtained from ATCC. Phorbol-12-myristate-13-acetate (PMA) was purchased from Sigma-Aldrich. RPMI 1640 was purchased from Mediatech. 2Ј,7Ј-Dichlorodihydrofluorescein diacetate (H 2 DCFDA; catalog no. D399) was purchased from Invitrogen. PAM3CSK4 was purchased from InvivoGen. The interleukin-1␤ (IL-1␤) enzyme-linked immunosorbent assay (ELISA) Ready-SET-Go! kit was obtained from eBioscience. CA074me was purchased from EMD Biosciences. All horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Biomeda, Ltd. All other reagents were from Fisher.
Virus preparation. An E1/E3-deleted adenovirus expressing enhanced green fluorescent protein (EGFP) under a cytomegalovirus (CMV) promoter, Ad5gfp, and a temperature-sensitive adenovirus, Ad2ts1, were propagated in HEK293 cells and subjected to cesium chloride gradient centrifugation twice to purify the virus. The ts1 virus was propagated at the nonpermissive temperature, 39.5°C, to generate mutant virus unable to penetrate the endosomal membrane. A Bradford assay determined the viral concentration as 1 g of protein corresponding to 4 ϫ 10 9 viral particles. To determine viral titer, the viruses were serially diluted on HeLa cells, and flow cytometry was used to quantify GFP expression. Of the viruses used in this study, specific infectivity ranged from 100 to 200 viral particles per GFP-transducing unit (GTU).
Cell culture. THP-1 cells were maintained in RPMI 1640 supplemented with 1 mg/ml streptomycin, 100 IU/ml penicillin, 0.25 g/ml amphotericin B, nonessential amino acids, 2 mM glutamine, 10 mM HEPES buffer, and 1 mM sodium pyruvate. For all experiments, THP-1 cells were differentiated to macrophagelike cells by overnight stimulation with 100 nM phorbol-12-myristate-13-acetate (PMA). Supernatants containing these recombinant lentiviral vectors were collected 48 h posttransfection and used to transduce THP-1 cells by spinoculation. Positive transductants were selected with puromycin. THP-1 cells stably overexpressing Bcl-2 were generated similiarly by generating transducing particles carrying either a pBMN-I-GFP vector (Addgene no. 1736) or pBMN-I-GFP containing the Bcl-2 gene.
ROS assay. All THP-1 cells were plated at 200,000 cells per well in a black 96-well plate (Costar) in RPMI with 10% fetal bovine serum (FBS) containing 100 nM PMA to stimulate differentiation to macrophage-like cells. Medium was replaced the following morning, and cells were rested for 2 days. Following 3 h of serum starvation, cells were incubated with the ROS-sensitive fluorophore H 2 DCFDA (DCF; Invitrogen) at 10 M for 30 min followed by two washes with 1ϫ phosphate-buffered saline (PBS). If pretreated with drug, cells were incubated with the drug for 1 h following DCF incubation. Virus was added to wells when necessary, and fluorescence intensity was measured over time at an excitation wavelength of 485 nm and emission wavelength of 520 nm on a fluorescent plate reader.
Western blot analysis. Western blotting confirmed TLR9 knockdown and Bcl-2 overexpression in THP-1-TLR9KD and THP-1-Bcl-2 cells, respectively. THP-1-TLR9KD and THP-1-Bcl-2 cells and their respective control cells were plated in a 6-well plate at 2 million cells per well in RPMI containing 100 nM PMA to stimulate macrophage differentiation. The next morning, cells were washed and lysed in a mixture of 25 mM Tris (pH 8), 25 mM NaCl, 0.1 mM EDTA, 1% Triton X-100, 0.5% deoxycholate, and 15 mM ␤-mercaptoethanol (solution B) containing 1 mM serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF). Lysates were subjected to SDS-PAGE on 15% polyacrylamide gels, transferred to nitrocellulose, and immunoblotted for TLR9 (Santa Cruz, catalog no. sc-25468) or Bcl-2 (Santa Cruz, catalog no. sc-7382). As a loading control, both membranes were immunoblotted for actin (Sigma catalog no. A5441).
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Ad5 RUPTURE OF LYSOSOMES AND MITOCHONDRIAL ROS RELEASE 10807 qPCR for gp91phox levels. RNA was isolated from THP-1-gp91phoxKD and THP-1-control cells using the Qiagen RNeasy Plus minikit (catalog no. 74134) and the Qiagen QIAshredder (catalog no. 79654). Five hundred nanograms of RNA was subjected to DNase I treatment (Fermentas no. EN0521) and then reverse transcribed to single-strand cDNA (Fermentas RevertAid first strand cDNA synthesis kit, no. K1621). cDNA was then subjected to quantitative PCR (qPCR) on the Bio-Rad Opticon 2 using Bio-Rad IQ SYBR green supermix (catalog no. 170-8880). The primers for actin were forward primer ATGGGTC AGAAGGATTCCTATGTG and reverse primer CTTCATGAGGTAGTCAG TCAGGTC (20) . The primers for gp91phox were forward primer CACAGGC CTGAAACAAAAGA and reverse primer GCTTCAGGTCCACAGAGGAA (QPPD [Quantitative PCR Primers Database], NCI, primer set 10932). Relative gp91phox expression was generated using the threshold cycle (2 Ϫ⌬⌬CT) method as described by Livak and Schmittgen, where the fold change in gp91phox expression was normalized to the housekeeping gene ␤-actin in each cell type and gp91phox expression in the THP-1-control cells is set to 1 (22) .
Measurement of cytosolic cathepsin B and cytochrome c. THP-1 cells were plated in a 6-well plate at 2 million cells per well in RPMI containing 100 nM PMA to stimulate macrophage differentiation. The next morning, cells were serum starved for 3 h and left untreated (control), treated with adenovirus at 100,000 particles per cell (ppc), or treated with the ts1 mutant adenovirus at 100,000 ppc for 30 min. Cells were placed on ice, where they were washed and permeabilized with 50 g/ml digitonin plus 1 mM PMSF in PBS (pH 7.4) for 15 min at 4°C to effectively lyse the plasma membrane while leaving the intracellular membranes intact. These cell lysates were subjected to SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted for cathepsin B (Santa Cruz, catalog no. sc-13985) and cytochrome c (BioLegend, catalog no. 612302).
Assessment of mitochondrial membrane potential. THP-1 cells were plated in a 96-well plate at 100,000 cells per well in RPMI plus 100 nM PMA to generate macrophage-like cells. The following day, the medium was replaced and cells were rested for 1 day in RPMI plus 10% FBS. Cells were serum starved for 3 h. If necessary, cells were pretreated with Ca074me (EMD Biosciences, catalog no. 205531) during the last 20 min of serum starvation. Cells were then left untreated, incubated with 50 M uncoupling agent carbonyl cyanide m-chlorophenyl hydrazone (CCCP), infected with adenovirus at 50,000 ppc, or infected with the ts1 mutant adenovirus at 50,000 ppc for 30 min. Cells were then washed and incubated with the MitoPT JC-1 dye reagent per the manufacturer's recommendations (ImmunoChemistry Technologies, LLC, catalog no. 937). JC-1 oligomerized within the mitochondria, where it appears as red puncta throughout the cytoplasm. When mitochondrial membrane potential was lost, JC-1 appeared as diffuse green fluorescence throughout the cytoplasm, where it existed as a monomer. Briefly, cells were incubated with JC-1 for 15 min and washed twice carefully with wash buffer. Cells were analyzed by fluorescence microscopy, and then we quantified the percentage of cells containing red fluorescent puncta. The data were expressed as the percentage of cells with intact mitochondrial membrane potential (⌿ m ) .
Quantification of IL-1␤ and TNF-␣ secretion by ELISA. THP-1 cells stably expressing empty vector and THP-1-TLR9 knockdown cells were plated at 50,000 cells per well in a 96-well plate with 100 nM PMA to induce macrophage differentiation. The following morning, cells were serum starved for 2 h and left untreated or treated with adenovirus at 30,000 ppc for 6 h. Supernatants from each sample were collected, and an ELISA was performed using the Ready-SET-Go! IL-1␤ kit from eBioscience (catalog no. 88-7010-88). Similarly, THP-1 cells stably expressing empty vector and THP-1-Bcl-2 cells were plated at 50,000 cells per well in a 96-well plate with 100 nM PMA to induce macrophage differentiation. The following morning, cells were serum starved for 3 h, primed with 30 ng/ml of the TLR2 ligand PAM3CSK4, washed, and then either left untreated, treated with 3 mM ATP (positive control), or treated with adenovirus at 50,000 ppc for 2 h. Supernatants were used in the IL-1␤ ELISA. For tumor necrosis factor alpha (TNF-␣) secretion, THP-1 cells were plated as done for the IL-1␤ ELISA and were serum starved for 3 h. They were then left untreated or were pretreated for 10 min with 30 mM N-acetyl-cysteine or 10 M rotenone, and then they were infected with Ad5 at 30,000 ppc in the continued presence of the drug. After 4 h, supernatants were subjected to analysis by ELISA for TNF-␣ (eBioscience, catalog no. 88-7346-77).
RESULTS

ROS play a key role in the innate immune response to adenovirus type 5 infection.
We have demonstrated previously that reactive oxygen species contribute to NLRP3 inflammasome activation in response to adenovirus infection. Specifically, we have shown that the ROS scavenger N-acetyl-cysteine significantly attenuates Ad5-induced IL-1␤ production by PMA-differentiated THP-1 cells. It is not yet known how ROS are produced in response to Ad5 infection or how they contribute to the activation of the innate immune response. In this study, we have found that the enhancement of mitochondrial ROS by treatment with rotenone, a complex I inhibitor, significantly augments Ad5-induced TNF-␣ production in PMAdifferentiated THP-1 cells (Fig. 1A) . In contrast, N-acetyl-cysteine, which neutralizes ROS, significantly attenuates TNF-␣ production in response to Ad5 infection (Fig. 1A) . Neither treatment influences Ad5 transduction (not shown). These data suggest that ROS also contribute more broadly to the innate immune response to Ad5 by inducing secretion of NLRP3-independent proinflammatory cytokines such as TNF-␣.
Adenovirus type 5 rapidly induces ROS upon infection. We have previously shown that ROS are produced rapidly after Ad5 infection and contribute to the innate immune response (4). However, the mechanism of ROS production during Ad5 infection has not yet been described. To more precisely define the steps in Ad5 cell entry required to elicit ROS from infected cells, we infected the macrophage-like PMA-differentiated THP-1 cells with an E1/E3-deleted Ad5 strain or the temperature-sensitive mutant virus Ad2ts1 (ts1) and monitored ROS production by measuring increases in the fluorescence inten- sity of the fluorophore DCF, which only fluoresces after becoming oxidized by ROS. When produced at the nonpermissive temperature, the ts1 virions are hyperstable virions that can bind receptors and become endocytosed but fail to rupture endosomal membranes because the capsid does not properly uncoat in endosomes (17) . While infection with increasing doses of Ad5 induces a dose-dependent increase in ROS-dependent fluorescence, maximal doses of ts1 do not elicit ROS above background levels (Fig. 1B) . Although virus multiplicities of infection (MOI) necessary to observe ROS using this fluorescence assay are much higher than those necessary to elicit secretion of proinflammatory cytokines, more rapid cell association of virus at these MOI allows us to determine that ROS production occurs at times corresponding to early events in Ad5 cell entry. Additionally, by comparison with ts1, we conclude that virus uncoating within endosomes is required to elicit ROS.
Adenovirus-induced ROS production does not require TLR9 signaling. Several studies have reported that signaling through TLRs can lead to ROS production (24, 32, 47) . We have shown that the DNA genome of Ad5 is recognized by TLR9 in PMA-differentiated THP-1 cells when the virus uncoats within endosomes and that TLR9 is required for IL-1␤ production during Ad5 infection (4). Using THP-1 cells stably expressing control or TLR9-specific shRNA, PMA-differentiated cells were loaded with DCF, infected with Ad5, and monitored for ROS-dependent fluorescence. While TLR9 knockdown leads to a decrease in IL-1␤ ( Fig. 2A) , we found that TLR9 knockdown did not affect Ad5-induced ROS production, as indicated by a similar increase in DCF relative fluorescence intensity (RFI) between control and TLR9 knockdown cells (Fig. 2B) .
Knockdown of the NADPH oxidase subunit gp91phox does not affect Ad5-induced ROS. Previous studies have highlighted the existence of TLR-independent innate immune responses to Ad5, which may be involved in ROS production (30, 50) . Several studies have highlighted the role for phagosomal NADPH oxidase in ROS production in response to innate immune signaling (15, 38) . Furthermore, there are numerous examples implicating a role for phagosomal NADPH oxidase in the production of ROS upon infection, particularly during infection with intracellular pathogens such as bacteria (33, 35) . The heme-binding subunit of NADPH oxidase, gp91phox, is a critical for the production of ROS by this enzyme (19, 35) . To determine whether Ad5-induced ROS requires NADPH oxidase, we stably knocked down expression of an enzymatic subunit of phagosomal NADPH oxidase, gp91phox, in THP-1 cells by RNA interference (RNAi). Knockdown was quantified by quantitative reverse transcription-PCR (RT-qPCR) (Fig. 3A) . We treated PMA-differentiated THP-1 cells stably expressing control or gp91phox shRNA with Ad5 or ATP, a known activator of phagosomal NADPH oxidase, and measured DCF fluorescence over time as an indication of ROS production ( Fig. 3B) (21, 31) . Our data indicate that while knockdown of gp91phox attenuates ATP-induced ROS, it does not attenuate Ad5-induced ROS. Rather, gp91phox knockdown enhances Ad5-induced ROS. Although this increase in Ad5-induced ROS is statistically significant, it is unclear what role gp91phox might play in Ad5-induced ROS. These findings suggest that ROS produced in response to Ad5 infection do not require phagosomal NADPH oxidase.
Mitochondrial membrane destabilization contributes to Ad5-induced ROS. Based on the studies above, roles for TLR9 and phagosomal NADPH oxidase in Ad5-induced ROS production have been excluded. However, based on experiments with ts1, it appears endosomal membrane penetration by Ad5 is required for ROS production. Recent evidence demonstrates that mitochondrial membrane stress resulting from a loss of outer mitochondrial membrane integrity and loss of inner mitochondrial membrane potential (⌿ m ) contributes to ROS production in the context of infection (12) . Furthermore, this mitochondrial stress is thought to contribute to the innate immune response, particularly NLRP3 inflammasome activation (49) . Upon discovering that Ad5-induced ROS requires membrane disruption and does not involve TLR9 or phagosomal NADPH oxidase, we next investigated whether mitochondrial membrane permeability contributes to Ad5-induced ROS. To attenuate mitochondrial membrane permeability, we stably overexpressed Bcl-2 in THP-1 cells (THP-1-Bcl-2 cells) by retroviral transduction. When overexpressed, the antiapoptotic protein Bcl-2 associates with proapoptotic Bcl-2 family (6, 39) . We subjected our THP-1-Bcl-2 and THP-1-control cells to the DCF assay as described above and assessed whether ROS production was attenuated when mitochondrial membrane disruption was inhibited. As expected, we found that, upon Ad5 infection, THP-1-Bcl-2 cells exhibited an ϳ50% decrease in ROS production compared to THP-1-control cells, implicating mitochondrial membrane disruption as the key source for Ad-induced ROS (Fig. 4A) . Furthermore, this reduction in ROS production in THP-1-Bcl-2 cells correlated with decreased NLRP3 inflammasome activation in THP-1-Bcl-2 cells compared to THP-1-control cells (Fig. 4B) . Additionally, these observed decreases in ROS and IL-1␤ production in the THP-1-Bcl-2 cells are not due to decreased infectivity upon Bcl-2 overexpression, as indicated by the presence of no significant difference in relative luciferase activities between THP-1-control cells and THP-1-Bcl-2 cells upon infection with an Ad5 luciferase reporter virus (data not shown). These results suggest that mitochondrial stress contributes to Ad5-induced ROS production.
Ad5 endosomal membrane penetration and cathepsin activity induce mitochondrial membrane depolarization. We have so far implicated Ad5 penetration of endosomal membranes and mitochondrial stress in the production of ROS upon Ad5 infection. We have previously shown that during Ad5 cell entry, viral rupture of endosomes releases catalytically active lysosomal cathepsin B into the cytoplasm and, furthermore, this event is required to activate the NLRP3 inflammasome (3, 4) . Cytosolic cathepsin B has previously been implicated in the destabilization of the mitochondrial outer membrane and loss of ⌿ m (14, 48) . Thus, cathepsin B release, upon Ad5 membrane rupture, may play a role in mitochondrial membrane disruption during infection.
To investigate the loss of ⌿ m during Ad5 infection, we utilized the fluorophore JC-1, which accumulates in mitochondria and emits red fluorescence when ⌿ m is intact (2) . Upon loss of ⌿ m , JC-1 remains diffuse in the cytoplasm and fluoresces green. After treating PMA-differentiated THP-1 cells with Ad5 or the ts1 mutant, we incubated the cells with the JC-1 reagent and assessed JC-1 fluorescence by microscopy 30 min postinfection to monitor the status of the mitochondrial membrane. We found that similar to our positive control, the uncoupling agent carbonyl cyanide m-chlorophenyl hydrazone (CCCP), FIG. 3 . ROS production in response to Ad5 in the presence or absence of gp91phox (Nox2) knockdown. (A) RNA was isolated from THP-1 control cells and THP-1-gp91phox knockdown cells, and subjected to qRT-PCR using primer sets for gp91phox and ␤-actin. Relative gp91phox expression was generated using the 2 Ϫ⌬⌬CT method where the fold change in gp91phox expression was normalized to the housekeeping gene ␤-actin and gp91phox expression in the THP-1 control cells is set to 1. (B) PMA-differentiated THP-1 control cells (white bars) and THP-1-gp91phox knockdown cells (black bars) were serum starved for 3 h then incubated with 10 M DCFDA for 30 min, washed, and left untreated, treated with Ad5 at 100,000 ppc, or treated with 5 mM ATP. DCF fluorescence was measured on a fluorescent plate reader. Graph depicts relative fluorescence intensity at 6 h postinfection normalized to time zero. Significance was determined by Student's t test (unpaired), where * indicates P Ͻ 0.001, ** indicates P Ͻ 0.005, and *** indicates P Ͻ 0.01. Significance was determined by Student's t test (unpaired), where * indicates P Ͻ 0.0005 and ** indicates P Ͻ 0.05.
Ad5 treatment reduces the percentage of cells with intact ⌿ m by nearly 10-fold compared to the negative control (Fig. 5) . In contrast, infection with the ts1 mutant does not result in a significant decrease in the percentage of cells with intact ⌿ m (Fig. 5) . These results confirm that Ad5 penetration of endosomal membranes is required to destabilize the mitochondrial membrane leading to ROS production.
Since Ad5 endosomal membrane rupture is required for mitochondrial membrane destabilization, we next asked whether endosomal cathepsin B release into the cytoplasm and mitochondrial membrane destabilization correlate with Ad5-induced endosomal membrane rupture. Again, cytosolic cathepsins have been shown to contribute to mitochondrial membrane stress (14, 48) . Thus, Ad5-induced cathepsin release may facilitate this observed loss in ⌿ m. We assessed both cathepsin B and cytochrome c release into the cytoplasm upon Ad5 infection or infection with the ts1 mutant. Cytosolic cathepsin B indicates endosomal Ad5 membrane rupture, while cytochrome c indicates mitochondrial membrane disruption (6) . Thirty minutes after viral infection, differentiated THP-1 cells were subjected to selective digitonin permeabilization of the plasma membrane to extract cytoplasm for Western blot analysis of the cytoplasmic levels of cathepsin B and cytochrome c. Following Ad5 infection, cathepsin B and cytochrome c levels in the cytoplasm increased significantly compared to those in untreated control cells (Fig. 6A) . In contrast to Ad5 infection, ts1 infection did not induce release of cathepsin B or cytochrome c into the cytoplasm, indicating that membrane disruption was required for the release of cathepsin B and cytochrome c into the cytoplasm (Fig. 6A) .
We asked directly whether cathepsin B activity was required for Ad5-induced mitochondrial inner membrane depolarization by pretreating cells with the cathepsin B inhibitor Ca074me and infecting them with Ad5 in the continued presence of drug. As expected, we found that inhibiting cathepsin B activity prevented the loss of ⌿ m during Ad5 infection (Fig.  5) . One alternative explanation of these results could be that Ca074me inhibits the adenovirus 23K protease. We have previously reported that Ca074me does not inhibit Ad5 transduction of THP-1 cells (4). Since the 23K protease is required for Ad5 transduction (17), we conclude that Ca074me does not inhibit the adenovirus 23K protease. These results support our hypothesis that Ad5-induced membrane disruption facilitates cathepsin-dependent mitochondrial membrane permeabilization.
Adenovirus-induced ROS production requires cathepsin B activity. We next directly investigated whether cathepsin activity is required for ROS produced in response to infection. We hypothesize that Ad5 membrane penetration leads to the disruption of local lysosomal membranes and, in turn, the release of cathepsins from the lysosome. Furthermore, we hypothesize that cathepsin B release facilitates cathepsin B-dependent mitochondrial membrane disruption, leading to the release of ROS from the damaged mitochondria. To address whether Ad5-induced ROS required cathepsin activity, DCF-loaded, PMA-differentiated THP-1 cells were pretreated with Ca074me and infected with Ad5 in the continued presence of drug, and then DCF fluorescence was monitored 1 h postinfection. We found that Ca074me treatment attenuated ROS production upon Ad5 infection (Fig. 6B) . These results are consistent with our data indicating cathepsin activity is required for mitochondrial membrane disruption and further demonstrate that cathepsin activity contributes to Ad5-induced ROS. Overall, we demonstrate that cathepsin B activity contributes to Ad5-induced ROS by facilitating mitochondrial membrane disruption 
DISCUSSION
ROS are key players in the innate immune response to pathogens. Following bacterial infection, ROS are known to be involved in the activation of transcription factors IRF-3 and NF-B (10, 15) . While the role for ROS in the inflammatory response to extracellular bacteria is better characterized, recent studies have implicated ROS as a mediator of inflammatory signals in response to viruses. For example, ROS are known to enhance RIG-I-dependent IRF-3 activation in response to respiratory syncytial virus (RSV) infection (38) . We have recently demonstrated that ROS contribute to NLRP3 inflammasome activation during Ad5 infection (4). It is unclear how ROS affect other innate immune pathways in response to Ad5 infection. In this study, we demonstrate that Ad5-induced ROS contributes to the production of TNF-␣ and that enhanced mitochondrial ROS augments this process. These findings highlight the importance of ROS as a key mediator in innate immune activation. Furthermore, these data implicate a role for mitochondrial ROS in the innate immune response to adenovirus. To better understand the role for ROS in generating the proinflammatory response to Ad5, we addressed how ROS are generated during adenovirus infection.
Inflammatory responses to adenovirus have been tightly linked to cell entry and endosomal escape. During viral entry following receptor-mediated endocytosis, TLR9 activation in response to the Ad dsDNA genome leads to NF-B activation, while endosomal escape activates IRF-3, although the exact mechanism remains poorly defined (8, 29) . Furthermore, both Ad cell entry and endosomal escape contribute to NLRP3 activation (3, 4, 13) . ROS-dependent signaling reportedly enhances much of these signaling pathways, which are also activated during the early phases of Ad infection (30, 51) . While contributions of Ad5-induced ROS to NF-B and IRF-3-dependent transcription have not yet been elucidated, previous observations that the ROS-p38-NF-B (24), ROS/Jun N-terminal protein kinase (JNK) (41) , and JNK/IRF-3 (28) signaling pathways contribute to proinflammatory signaling in response to other stimuli could explain observations of the involvement of p38 and JNK MAPKs in innate immune responses to Ad5 infection (29) . Interestingly, previous studies have shown that coadministration of reducing agents such as N-acetyl-cysteine with Ad5 vectors in the lungs reduces the inflammatory response in mice and augments the level and duration of transgene expression (18) . Our current studies provide additional insight into ROS-dependent innate immune responses and have identified molecules whose contributions to innate immune signaling during Ad5 cell entry can now be further explored.
Perhaps the most striking finding of these studies was the observation that ROS produced in response to adenoviral infection were derived from mitochondrial sources, independently of TLR signaling or phagosomal NADPH oxidaseboth known to contribute to ROS production in response to infection (15, 32) . Recent observations have highlighted an important role for mitochondria in antiviral innate immune signaling through RIG-I-like receptors that recognize viral RNA genomes and the inflammasome, with many signaling intermediates localizing to mitochondria upon viral infection (7, 25, 38, 41) . Additionally, mitochondrial stress induced by incoming virions (11) or via RIG-I recognition of viral RNA (9) has also been linked to an apoptotic response, which is thought to limit viral replication. We have shown a novel manner by which a nonenveloped virus triggers an innate immune response by activating a well-established danger signal in cells: the permeabilization of lysosomal membranes. Taken together, mitochondria are capable of responding to a diverse array of virally associated molecular patterns and danger signals to elicit an innate immune response.
During Ad5 cell entry, lysosomal rupture is a danger signal that triggers ROS production. The mode of membrane rupture could influence this response. For example, we have previously shown that reovirus endosomal escape does not activate the NLRP3 inflammasome to the extent of Ad5 despite enhanced colocalization with cathepsin-enriched lysosomes (3). Additionally, the extent to which Ad vectors colocalize with cathepsin-enriched lysosomes was shown to influence the inflammatory response to vectors (3). These observations have many implications for gene therapy and vaccine development. Since release of lysosomal cathepsins leads to ROS production, altering Ad intracellular trafficking by modifying the receptors used for cell entry could alter this ROS-dependent inflammatory response. It is not yet clear that altering Ad membrane lytic activity could attenuate or enhance the inflammatory response.
Cathepsins have been shown to cleave the proapoptotic factor Bid to facilitate mitochondrial membrane permeabilization and caspase-dependent apoptosis (14, 48) . Our results demonstrate that stabilization of mitochondrial membrane potential by overexpressing Bcl-2 reduces Ad5-induced ROS production and IL-1␤ secretion. The gene coding for Ad5 E1B-19K is a Bcl-2 family member previously shown to inhibit NF-B transcriptional activity (36) . Although E1B-19K is important for preventing apoptosis in response to viral infection, it is interesting to consider that this protein, detectable several hours postinfection, may function in some capacity to dampen the inflammatory response elicited by incoming virions or during viral replication. Further study is required to explore this possibility.
As a whole, our data indicate that Ad5 membrane rupture and subsequent cathepsin B activity in the cytoplasm contribute to mitochondrial stress and the production of ROS during infection. This mechanism of Ad5-induced ROS is likely a common response to pathogens that rupture membranes, such as bacteria that replicate in the cytoplasm. ROS is a key component in the antiviral and proinflammatory response to both bacterial and viral infections. These results will help with future studies of innate immune responses to Ad5. Additionally, our understanding of this process could allow us to either enhance or attenuate the innate immune response to adenovirus to generate novel vectors for gene therapy and vaccination.
